The objective of this study was to characterize the reproductive seasonality of slimy sculpin (Cottus cognatus), a small-bodied, benthic spring spawning species. Sculpin are unique compared with other temperate fish species because they have a reproductive pattern where gonadal maturation occurs over winter in northern areas of its distribution. Previous studies have involved pre-spawning sampling (early spring in North America) and post-spawning sampling (early fall in North America).
and occupy primarily swift water, boulder-gravel river habitats. These fish have been characterized as rock nesters (Natsumeda ) , with males maintaining breeding space under rocks where they mate with females (Goto ) .
They are usually a spring spawning species in northern temperate waters, and are unique in that they do not start to accumulate gonadal tissue until the winter and early spring (Gray ) . They are a complete and single spawning species, with fecundity ranging from 40 to 200 eggs depending on their size and age. Freshwater sculpin reproductive strategies do not appear to be similar to other temperate freshwater species, however, no comprehensive studies have been conducted.
Spring and early summer spawning species commonly use a reproductive strategy in which gonadal tissue develops in the fall with final maturation as water temperatures rise in the spring, as with white sucker (Catostomus commersoni) (Scott et al. ) or gonadal development occurs quickly in the spring, as with several species of dace (Galloway & Munkittrick ) . Freshwater sculpin species such as the spoonhead sculpin (Cottus ricei) spawn immediately after ice-out in the spring (Gibbons et al. ) and slimy sculpin spawn following the spring freshet (Gray ) . This strategy requires that the bulk of gonadal tissue is generated over winter and under ice, when water temperatures are at or below freezing (Figure 1) , and activity levels are usually limited. In this regard, sculpin also present an interesting model for energy storage, as they are actively synthesizing lipid-rich tissue (gonad) under ice while food sources are limited.
To ensure that a fish is in breeding condition at the appropriate season, physiological mechanisms must control the timing of gonad maturation (Wootton ) . Previous studies have shown that female slimy sculpin gonad sizes are very small (<2-5% of body weight) at the beginning of the ice-cover period, and are then very large (30-40%) prior to spawning time following the spring freshet (Gray ) . Gonadal steroid hormones are an important factor involved in these physiological processes, and timely and appropriate changes in gonadal steroidogenesis are necessary for successful reproduction (Ponthier et al. ) . It is not known which hormones are responsible for initiating and sustaining the processes of sperm and oocyte maturation in sculpin, but testosterone and 11-ketotestosterone are known to be important in many species for males, and testosterone and 17-β estradiol for females (Nagahama ) . Hormonal assessment of reproduction is complicated by the small size of freshwater cottids (usually <5 g) and low blood volume precludes the use of blood samples for analysis of circulating sex steroids.
A protocol has been developed to measure the in vitro steroid biosynthetic capability of gonadal tissue as a surrogate for levels circulating in blood, and circulating levels have been shown to correlate with in vitro production levels as well as oil sands operations (Tetreault et al. a, b) . However, impact studies can be difficult to interpret without life history information, which may provide an ecological or seasonal basis for the changes that may be documented (Munkittrick et al. ) .
In central Ontario, studies determining the most appropriate period to sample greenside darter for monitoring determined that fish response endpoints have the potential to be quite variable in the period just prior to spring spawning and that late fall is best suited for biological monitoring (Tetreault ) . Additionally, collections of rainbow darter in the spring prior to spawning suggest that rapid changes in final gonadal maturation may contribute significant within-site variability in reproductive parameters, which may impair the ability to detect site differences. Investigation of the most appropriate period to sample two other sentinel fish species in Alberta, fathead minnow Limited information about seasonal cycles can also make the data difficult to interpret in the context of other species and previous studies. To date, no study has addressed how spring spawning slimy sculpin function over the winter and the rate at which recrudescence occurs under ice cover. This study presents the seasonal characterization of gonadal size, liver size, condition, and in vitro gonadal hormone production in slimy sculpin, and describes its reproductive cycle based on these observed patterns. 
MATERIALS AND METHODS

RESULTS
Average sizes for female fish ranged from 1.7 to 3.3 g, and 2.2 to 5.0 g for males (Table 1) . Male gonad sizes increased rapidly throughout September, reaching their maximum size (2.29 ± 0.07%) in early November (Figure 2(a) ). Testis size decreased significantly after November (p ¼ 0.016), and then continued to gradually decrease until spawning (1.80 ± 0.08%), although the decreases were not statistically In vitro steroid biosynthetic capacity in male testis tissue was highly variable between individuals, within a collection.
Highest individual values for T were seen during August, immediately preceding the large increase in gonad size during September and early October. Similarly, males showed increased synthetic capacity for 11-KT in August, but maximum levels were not observed until November. This is followed by a significant decrease in testis weight (p ¼ 0.016) and presumably spermatocyte maturation. However, individual males continued to show low steroid productivity, and there was no relationship between T production and relative gonad size (r 2 ¼ 0.082, data not shown), or between T and 11-KT (r 2 ¼ 0.40, data not shown). In contrast to the male reproductive cycle, female gonad sizes increased gradually during the winter in preparation for the next spawn (May) (Figure 3(a) ). During the winter, at water temperatures below 1 W C, the ovaries increased in size from less than 1% in October to more than 12% when water temperatures began to rise in April.
Rapid growth occurred in this tissue between early April and May, increasing significantly from around 12-30% (p < 0.001). (Figure 4) . Even though gonadal size increases from <3% in October to >12% in March, there was no significant increase in gonadal size between March and April. However, as water temperatures increase in May, ovarian size more than doubles in size (Figure 3(a) ).
In May, more of the follicles have progressed through the endogenous vitellogenic stage into the vitellogenic stage with a greater proportion of the follicles in the vitellogenic stage (p < 0.03) in preparation for spawning ( Figure 4) .
For females, both E 2 and T production capacity were diminished during the collections following the spawning period (Figures 3(b) and 3(c) ). T capacity remained low until early February as recrudescence ends (p < 0.001). Following this initial increase, T production remained elevated until spawning. In September, E 2 production increased as recrudescence began and stayed elevated in most fish until late February. E 2 production dropped off in the months preceding spawning, with a marked reduction in May (p ¼ 0.023). As E 2 capacity declined, T production began to increase starting in early February (p ¼ 0.003). There was no significant decrease in condition factor following spawning for male sculpin (p ¼ 0.170) (Table 1) .
However, during recrudescence, there were changes in condition (p < 0.0001). In November, when both gonad and liver showed significant increases, condition decreased (p < 0.0001). Additionally, condition increased more than 10% in the early February collection (p < 0.0001), from 0.90 to 1.06 in developing males. Following spawning, liver size in male sculpin was constant, with no detectable change until September (p ¼ 0.004) ( Figure 5(a) ). This coincided with a period of rapid testis growth. While testis size reached its maximum in October (Figure 2(a) ), liver size recovered and began to increase in November (p < 0.001), continuing through until March (Figure 5(a) ).
Unlike males, females exhibited a significant decrease in condition following the spawn (p ¼ 0.022; Table 1 ). Initially during recrudescence, there was no change in condition, but condition decreased in late fall (p < 0.0001) corresponding with increases in both gonad (p ¼ 0.002; Figure 3(a) ) and liver size (p ¼ 0.031; Figure 5(b) ). Beginning in February, there was a slight but significant increase in condition (p < 0.0001).
Liver size was dynamic in females, initially increasing after spawn (p ¼ 0.016) and then decreasing until after the onset of recrudescence. Beginning in October, liver size increased significantly each month, reaching maximum size in early March. In females, liver size continues to increase during the winter period of gonadal development. in September and leveling off in April, a rapid pre-spawning period leading up to a synchronized spawning event. In comparison, after a post-spawning period in July, males showed a period of rapid gonadal growth starting in August and reaching maximum size during the October collection, followed by a period of slow gonadal maturation between November and April, and a prolonged guarding and spawning period from April to July. These stages do not coincide with other freshwater temperate, spring spawning species as most development is done prior to ice up.
For post-spawning females, both T and E 2 production appears to be shut off in August, followed by increased E 2 productive capacity in September, remaining high and peak- The male period of gonadal growth in August to October is preceded by a significant increase in both 11-KT and T production in July, and a peak in KT production capacity in August, immediately preceding the large investment in gonadal weight. However, during the period of rapid gonad growth (Sept-Oct), both T and 11-KT production are near post-spawning levels. In November, elevated production of both T and 11-KT appear to trigger the initiation of testis maturation, as testis size decreases. Both 11-KT and T production stabilize about 2 months prior to spawning, perhaps indicating that sperm maturation is complete, and males may be ready to spawn prior to females. In a number of fish species, T dominates during early spermatogenesis and it is thought that T may control spermatogenesis and that 11-KT may play more of a role in spermiation, expression of secondary sexual characteristics, and sexual behavior (Scott et al. b) .
The fish collected in this study exhibited sexual-size dimorphismthe males were larger than the females. In Male gonad growth appears to be fueled by liver stores, as the gonad growth period is accompanied by a decrease in liver size, and another decline in liver size occurs in April and May, as the males have been shown to be guarding their nests during that time (Keeler & Cunjak ) . In a previous comparative study of stable isotopes ( Jardine et al.
)
, male slimy sculpin sampled in April exhibited 15 N enrichment, suggesting they may be in poor nutritional condition prior to spawning in May. Female sculpin in this study did not show significant 15 N enrichment, suggesting that their prey consumption rates remained constant throughout the winter. Jardine et al. () suggested this may be a consequence of cessation or reduction in feeding during the establishment of territories and nest guarding by males.
Given this metabolically challenging environment, it is likely female sculpin have developed a divergent approach to reproductive and energetic investment. Dahle et al.
() also demonstrated sex differences in energy utilization from the liver in the Atlantic cod (Gadus morhua L).
Stimulation tests, such as the in vitro assay used in this study, are designed to take advantage of known endogenous control mechanisms to assess steroidogenic capacity of the tissue to produce hormone (Griffin ) . Variability between fish in vitro steroidogenic capacities in a given month generates questions about reproductive asynchrony and how microhabitat differences may influence physiological endpoints. During phases of the reproductive cycle when there are critical changes in gonadal development, the variability in steroidogenesis is high. This indicates there is not synchrony between fish, or the fish utilize differences in microhabitat to give themselves benefits in terms of performance. This is a worthy hypothesis for future study in the slimy sculpin.
This study presents the reproductive cycle of both male and female slimy sculpin which is characterized by distinct seasonal variations in energy storage, represented by liver size and condition factor, and energy expenditure represented by gonad size. Data on organ sizes, condition, and hormone production can indicate when males and females are shifting reproductive stages from pre-and to post-spawning, to recrudescence, and then to final maturation and will assist in interpreting population data collected in environmental studies. Sculpin are unique, compared with other temperate fish species, gonadal steroid production is more variable, and their reproductive pattern reveals that gonadal maturation can take place in water temperatures below 1 W C in central to northern Canadian streams.
